In this study, we prepared two types of europium (Eu)-doped nanoparticle, yttoria and titania and investigated their photophysical properties and biocompatibilities. These particles do not inhibit cell culture, even at higher concentrations. The obtained nanoparticles had a strong and narrow red photo-luminescent peak. The narrow emission was observed even when the particles were uniformly doped into a polymer film. These results suggest that they can be used for applications not only in optoelectronic devices but also in biomedical devices for bioimaging and luminescent biomedical materials.
Introduction
The development of innovative materials is one of the most challenging fields of research in nanotechnology. Nanotechnological applications have changed remarkably in several fields, and a strong interest among many researchers and engineers has driven a range of nanotechnological applications. 1) 3) In particular, inorganic nanoparticles have attracted interest because of their unique size-dependent properties. By virtue of this nanosizing effect, nanomaterials are expected to show superior optical, electrical, and physical properties and chemical reactivities. To design additional functional properties of nanoparticles such as photoemission properties, many researchers doped several materials. For example, rare earth oxides are well known and widely used fluorescent materials. Luminescent compounds based on rare earth elements have received significant attention because of their long luminescence lifetime and sharp emission bands. 4)6) These properties are expected to be useful in many applications such as biological probes and light-converting materials. 7)10) In particular, europium-doped yttrium oxide (Y 2 O 3 :Eu) is a superior redemitting phosphor, which is used in devices such as cathode ray tube screens, plasma display panels, tricolor fluorescent lamps, and field emission displays. 11) 13) The Y 2 O 3 :Eu nanoparticles allow high packing density and luminescent efficiency compared with traditional microsized fluorescent materials, leading to high resolution images. Therefore, many researchers have studied the preparation and photophysical properties of Y 2 O 3 :Eu nanoparticles. 14) , 15) The excellent optical properties of europium oxide have been recognized in optoelectronics and biomedical fields.
16)18)
By combination with the photo-luminescent particles and biomaterials matrix, they can exhibit a new function. For example, when photo-luminescent nanoparticles were introduced into a micro capsule for drug delivery, the biodistribution can be visualized. By using photopolymerizable hydrogels as a matrix, they can be applied for in situ polymerized tissue bonding or photo responsible drug delivery system. 19 ), 20) In dental fields, photo-luminescent nanoparticles were dispersed into a dental resin or adhesive and they can be visualized under near-ultraviolet light irradiation. It can be a safer and complete removal of the relevant materials after dental treatment.
18),21) Thus, dispersibility of the particles in the matrix is an important factor to be applied for a photo-luminescent biomaterial.
In contrast, such nanoparticles are potentially biotoxic because of their high reactivity. When particles are nanosized, some of them exhibit toxicity in vitro even if they are considered biocompatible at the macro level. In a previous study, we found that even biocompatible materials, such as Ti and TiO 2 , cause inflammation with a decrease in particle size. 22) Thus, it is important to assess the possible biotoxicity of nanoparticles used in biomedical fields.
Therefore, we prepared Eu-doped ceramic nanoparticles (Y 2 O 3 , TiO 2 ), and characterized their photophysical properties and biocompatibilities in vitro. Also, we confirmed the dispersibility of photo-luminescent particles in poly (methylmethacrylate) (PMMA), which is one of the typical polymer used in medical/dental fields.
Experiments

Sample preparation
We prepared yttria nanoparticles containing Eu by homogeneous precipitation. An aqueous solution of europium nitrate was added to an aqueous solution of yttrium nitrate. We dissolved 12 mmol of Y(NO 3 ) 3 ·6H 2 O and 0.3 mmol of Eu(NO 3 ) 3 ·6H 2 O in 100 mL of distilled water and added 200 mL of 6 M urea solution to the mixture. The reaction mixture was stirred for 90 min at 95°C. The resulting precipitate was obtained by centrifugation and drying in vacuo. The resulting white precipitates were calcinated for 1 h at 1105°C.
We also prepared Ti nanoparticles containing Eu using solgel method according to Shi's conditions 23) with slight modifications. We dissolved 50 mmol of Ti(OBu) 4 in 22 mL of anhydrous ethanol and stirred it for 30 min at room temperature. In parallel, 2.5 mmol of Eu(NO 3 ) 3 ·6H 2 O was dissolved in 3.6 mL of distilled water. Then, 22 mL of ethanol was added to the aqueous solution. Next the solution was poured into the Ti(OBu) 4 /EtOH solution. Gelation was achieved by stirring for 24 h at room temperature. The gel was dried at 60°C in vacuo. The resulting white precipitates were calcinated at 400, 600, and 800°C for 3 h. TiO 2 and CuO nanoparticles were purchased from Ishihara Sangyo Co. and Aldrich, respectively. They were used without any purification. For preparation polymer films containing the particles, the obtained particles were dispersed into a PMMA/toluene solution (100 g/L) at 10 wt %. The mixture was poured onto a glass substrate and then air-dried overnight.
Characterization
The morphology and size of the particles were examined under a scanning electron microscope (SEM: Hitachi S-4800) and a transmission electron microscope (TEM: Hitachi H-1480). The particle size distribution was estimated using dynamic laser scattering particle analysis (DLS: SALD-7000, Shimadzu, Kyoto, Japan). The nanoparticles were also characterized using energy dispersed spectroscopy (SEM-EDS: JEOL, JSM-6510LA) and powder X-ray diffraction measurements (XRD: Rigaku, RINT2000). Fluorescence spectroscopic measurements were conducted using a fluorescence spectrometer (Hitachi, F-4500). Microphotoluminescence (PL) spectra were observed with a microscope objective lens at room temperature. An InGaN laser at 0.3 mW and with a wavelength of 408 nm was used as an excitation light source. The spot size was approximately 2¯m in diameter. The luminescence signal was processed with a spectrometer using a focal length of 0.55 m (Jobin Yvon, TRIAX 550) combined with a liquid-nitrogen cooled charge coupled device (Jobin Yvon, SpectrumONE), with a grating of 1800 lines/mm and an entrance slit width of 50¯m.
Cytocompatibility
Human osteoblast-like cells (MG-63) were seeded on 24-well plates at a density of approximately 1 © 10 4 /mL and incubated at 37°C in a humidified 5% CO 2 atmosphere for 48 h. After this incubation, the culture medium was aspirated and a fresh batch of the medium including the nanoparticles was added. After 24 h of incubation, the cells were counted with a CellTiter-Glo assay kit (Promega, Madison, WI, USA), which measures intracellular adenosine triphosphate levels. A CellTiter-Glo reagent was added to the culture medium and cell lysis was induced by shaking for 2 min. The luminescence signal was quantified using a luminometer (GloMax96 Microplate Luminometer, Promega).
Confocal fluorescence microscopy
After 24 h incubation with Eu-doped nanopartcles at 10 ppm, the cells were fixed with 2% glutaraldehyde in phosphate buffer solution. Confocal images were taken by a confocal laser scanning microscopy system (Nikon A1 and Ti-E) equipped with a Plan Apo VC x60 objective lens (NA 1.40, Nikon). A Nikon Ti-E inverted microscope equipped with a Nikon A1Rsi spectral imaging confocal scanning system was used for confocal microscopy experiments.
Results and discussion
Characterization of the particles
The obtained white particles exhibited a strong red emission under UV irradiation. Figure 1(a) shows typical TEM images of the particles prepared from Y(NO 3 ) 3 . These particles have a spherical shape with a diameter of <100 nm. In contrast, the particles prepared from Ti(OBu) 4 are 3050 nm in diameter [ Fig. 1(b) ]. Though the original particles had a diameter of <100 nm, some particles aggregated in saline. Then they act as submicron-sized particles with a diameter of approximately 0.10.2¯m. These results were in good agreement with the SEM and DLS analysis ( Fig. 2 and Table 1 ). With the increasing calcination temperature, the size distribution of the obtained particles became uniform. The nanoparticles aggregated with each other and were expected to act as sub-micron particles in a solution. The result of the energydispersed X-ray spectroscopy indicated the peaks of O, Y or Ti, and Eu elements (inset of Fig. 2 ). These results indicated that the nanoparticles including Eu 3+ ions were prepared successfully. The concentration of Eu was estimated using the EDS analysis. Both of the Eu ratios against Y and Ti were 1/19.
The particles were also characterized using the XRD. Typical XRD patterns of the obtained samples are shown in Fig. 3 . The Journal of the Ceramic Society of Japan 122 [3] 216-221 2014 diffraction peaks can be attributed to a cubic-structured Y 2 O 3 phase [ Fig. 3(a) ]. No peaks due to other phases were observed. In Fig. 3(b) , the chemical phase of the particles varied depending on the calcination temperature. When the particles were calcinated at 400°C, a very weak peak appeared at 25.4°, however, no peaks were identified before calcination. Even the peaks at 25.4°could be assigned as an anatase phase. With increasing temperature, many peaks appeared, which were in XRD patterns, which are characteristic of the anatase phase. When the temperature reached 800°C, all peaks were sharpened and the width of the (101) diffraction peak became small. These results indicated that the obtained nanoparticles were Y 2 O 3 and TiO 2 containing ca. 5% of Eu ions. Hereafter, these particles are denoted as Y 2 O 3 :Eu and TiO 2 :Eu, respectively.
Interestingly, no peaks assigned to the rutile phase were observed [ Fig. 3(b) ] even when the calcination temperature reached 800°C. When we calcinated the precipitates obtained with the solgel process without the addition of Eu ions, the obtained particles indicated clear phase transformation depending on the calcination temperature. When the precipitates were calcinated at 400°C, the XRD pattern was assigned to the anatase phase. The particles calcinated at 600°C showed both the anatase and rutile phases. Once the temperature reached 800°C, the phase of the particles completely transformed from anatase to rutile. Thus, the presence of the dopant is expected to play a significant role in the selective crystallization of the anatase phase in the solgel process ( Table 2) . TiO 2 and CuO particles were used without any purification. Based on the SEM analysis, they had a diameter of 50 nm and 5090 nm, respectively. According to the DLS analysis, these particles in saline had a diameter of ca. 0.1 and 0.3¯m, respectively (Table 1) . 24 ) Figure 4 shows a typical emission and excitation spectra of the Eu-doped particles. A strong sharp emission line appeared at 611 nm with 390 nm excitation. The strongest peak appeared at 611 nm, which is due to the 5 F J around 590 nm were very weak. The excitation spectrum observed at 610 nm also showed three peaks of a characteristic shape at 396, 466, and 534 nm, respectively. The sharp lines in the 350550 nm range were intraconfigurational 4f4f transitions of Eu 3+ ions in the host lattices.
Cytocompatibility of Eu-doped nanoparticles
To estimate the cytocompatibility of the Eu-doped nanoparticles, we exposed MG-63 cells to ceramic nanoparticles (TiO 2 , Y 2 O 3 :Eu, TiO 2 :Eu, and CuO). Such ceramics are widely used in industrial fields such as electronics. In addition, recent developments in nanotechnology have extended their applica- tions to other fields, in particular, TiO 2 nanoparticles are used in fields such as optics, electronics, chemistry, catalysis, biomedicine, and cosmetics. In contrast, the increased development and use of these materials has increased the probability of human beings exposed to these particles not only in industrial environments but also in everyday life. In previous studies, some researchers suggested that even biocompatible materials cause inflammation when the particle size is sufficiently small. 22 ),25)27) Yen et al. reported that they exposed gold nanoparticles of different sizes with macrophages. The cytotoxicity and immunological response increased with a decreasing particle size. 25) Soga et al. reported that cytotoxicity of Er 3+ :Y 2 O 3 increased with the size decrease from 250 and 500 nm to 50 nm when macrophage were exposed to these nanophosphors. 26) We have also studied biodistribution and bio/cyto-compatibility of several nanomaterials. 28)30) Therefore, assessment of biocompatibilities is important.
After exposure to CuO, MG-63 cells showed an inflammatory reaction with an increasing concentration of CuO (Fig. 5) ; the proliferation rate reached 50% when the concentration was 1 ppm. In contrast, cells exposed to the two types of Eu-doped nanoparticles showed a relatively constant proliferation ratio, and hence high viability was observed in the cytocompatibility assay. The obtained value was the same as or higher than the data from an experiment where MG-63 cells were exposed to other nanoparticles, such as TiO 2 . Compared with TiO 2 , Eu-doped nanoparticles showed a tendency that the viability decreased with the concentration increase or long-term exposure. Nevertheless, the viability remained >75% (Fig. 6) . These phenomena were also observed when mouse osteoblast-like cells (MC3T3-E1) were exposed to similar nanoparticles (TiO 2 , In 2 O 3 , and CuO). 24) , 31) This tendency was in good agreement with the data from nanoparticle exposure to fibroblast cells. 32) When the cells were incubated for 3 days with TiO 2 nanoparticles, they exhibited good viability even when the concentration was increased to 30 ppm. In contrast, CuO nanoparticles caused serious inflammation even at lower concentrations. Thus, these results suggested that obtained Eu-doped nanoparticles have excellent biocompatibility and are therefore expected to be suitable for biological applications. Brunner et al. also incubated mesothelioma cells with several types of nanoparticles. The observed cytotoxicity was different from that of the fibroblasts, indicating that the assessment of nanoparticle biocompatibilities require testing of toxicity in several types of cells. In this study, we chose human osteoblast cells to compare with our previous study on mouse osteoblast cells.
To find out where the Eu-doped nanoparticles were present after incubation with cells, we used confocal fluorescence microscopy. As shown in Fig. 7 , fluorescent spots were clearly observed inside the cells that were exposed to TiO 2 :Eu nanoparticles at 10 ppm. These phenomena were also observed in cells exposed to Y 2 O 3 :Eu. These results suggested that some of the nanoparticles penetrated the cell membranes. To apply these particles to biomedical imaging in vivo, near-infrared fluorescence spectroscopy is a useful tool. Hemmer et al. reported that they administered Gd 2 O 3 :Er
3+
. Yb 3+ nanoparticles into mice through the tail vein, then the biodistribution was determined using an in vivo fluorescence bioimaging system. 33) 3.3 Photophysical properties of the nanoparticles in the PMMA matrix
Even when the Eu-doped nanoparticles were doped into a polymer film, the nanoparticles showed a red emission under UV irradiation. The emission spectrum of the TiO 2 :Eu particles in the PMMA film was measured using a micro-PL spectrum measurement system (dotted line). Figure 8 shows a typical emission spectrum of TiO 2 :Eu particles in the PMMA film excited at 408 nm. The fluorescence showed significantly sharp spectral features, which was in good agreement with the data from the individual particles (solid line in Fig. 8 ). To estimate their dispersion behavior in the film, we conducted an SEM-EDS mapping measurement. Figure 9 shows the signal of the Ti element. In addition, the distribution images were in good agreement with the SEM images [ Fig. 9(a) ]. These results suggested that obtained TiO 2 :Eu nanoparticles maintained excellent fluorescent properties and were homogeneously distributed even in the PMMA film. In our previous study, we prepared a dental composite resin block, which mainly consisted of PMMA containing several concentrations (up to 10 wt %) of the Eu-doped nanoparticles. 34) Although the mechanical strength gradually decreased with the increasing concentration of nanoparticles, the materials maintained >80% of their mechanical strength even when the concentration of Eu-doped nanoparticles reached 10 wt %. Thus, considering their excellent optical properties, biocompatibilities, homogeneous distribution in a polymer matrix, and mechanical strength of the composite, we expect that Eu-doped nanoparticles will be used not only in optoelectronic devices but also in biomedical material devices.
Conclusions
In this study, we successfully prepared two types of Eu-doped nanoparticles and assessed their biocompatibilities. These particles did not inhibit cell culture, even when the concentration increased. The exposed particles were found inside the cells.
These data suggested that some of the particles penetrated the cell membrane. In addition, when the Eu-containing particles were doped into the polymer film, the nanoparticles emitted a strong and narrow red spectral peak, which was in good agreement with studies of the individual particles. The EDS mapping indicates that the particles are homogeneously distributed in the PMMA film. Therefore, they are expected to be used not only in optoelectronic devices but also in biomedical applications fields such as bioimaging. We also hypothesize that these nanoparticles will be useful in luminescent medical and dental materials. 
